Abstract. This contribution addresses the problem of earthquake protection of heavy non-
INTRODUCTION
Many research efforts have been devoted, in the past, to the prevention of seismic damage of civil and industrial constructions, both modern and historical. Among the many aspects that are targeted in these studies, an increasing attention is being addressed towards the unde rstanding of the seismic behavior of non-structural elements belonging to such constructions. The ultimate goal is to devise effective seismic protection systems for heavy artwork, sculptures, pinnacles, and similar objects which do not have a structural function but belong to world heritage and, in many cases, have an inestimable value; for an introduction to this subject the reader is addressed to [1] , [2] , [3] , [4] , [5] , [6] , [7] .
The aim of the present contribution is to illustrate the case study of the seismic protection through base isolation of eleven ancient marble pinnacles placed at the top of the three-arched masonry city gate in Ferrara, Italy, portrayed in Fig.1a , which underwent the 2012 Emilia seismic swarm. From a mechanical point of view, in many cases, non-structural objects belonging to constructions are monolithic and therefore, they may be regarded as rigid bodies. The main phenomenon a rigid body undergoes when subject to earthquake excitations is an oscillating motion around different instantaneous rotation centers belonging to its base known as rocking, which may eventually lead to collapse due to the final toppling of the whole body.
In the study of pure rocking, a number of investigations have adopted a simple twodimensional model, which was first proposed in [8] , later derived independently in a seminal paper by Housner [9] and revised in [10] . The model is based on the assumption of no bouncing and sufficient friction to prevent sliding during impact.
Recently, new interest has been devoted to the study of seismic protection of the artistic heritage and several authors addressed the problem of the rocking motion of rigid bodies provided with base isolation systems ( [12] , [13] , [14] ) where the effectiveness of base isolation in increasing the safety level of art objects in case of earthquake has been assessed.
Finally, some three-dimensional models describing the dynamics of rigid bodies with impacts has been proposed in literature. In particular, the difficult problem of the threedimensional motion of a an axisymmetric body rocking and rolling on a planar surface was addressed by [15] , [16] , [17] .
The development of effective techniques for seismic risk mitigation of monolithic nonstructural elements is a fundamental issue. A first approach [18] consists in anchoring objects using different support mounts that essentially makes the object itself part of the structure. However, such a solution is not satisfying for it allows the transmission of large impulsive seismic forces which the object, being too brittle, cannot withstand. Furthermore, in this case the effects of the earthquake are usually not reversible.
An alternative approach consists in adopting base isolation systems which has been demonstrated to be an excellent solution in limiting the transferred seismic actions thus effectively mitigating the seismic risk on different types of structures [19] . Nevertheless, while base isolation for bridges or buildings has been largely developed in the last decades, base isolation for the comparatively much lighter art-objects and other kind of non-structural elements has not experienced the same level of development and it is st ill an open topic. As clearly pointed out in [20] , even though the basic concepts which stand at the basis of base isolation systems are the same, the application of isolation techniques developed for civil structures to small objects requires more than a simple extension, and specific considerations are mandatory since the parameters governing the behavior of the seismic isolators need to be specifically calibrated.
As initially stated, the present paper addresses the problem of the structural safety asse ssment and seismic protection of heavy monolithic objects placed at the top of a monumental construction through the illustration of a specific case study which concerns the seismic risk mitigation for eleven marble pinnacles placed at the top of a three-arched masonry city gate built in Ferrara (Fig.1a) , Italy, at the end of Corso della Giovecca, between 1703 and 1704 a.C. The marble pinnacles placed at the top of the gate have mainly a decorative purpose and their slenderness, coupled with their considerable mass, makes them highly vulnerable to seismic actions so that they cannot be considered safe. After the strong seismic events which struck Emilia in May 2012 and caused severe damage to the city's historical constructions, the pinnacles have been removed for safety reasons. In Fig.1b damages produced by a monolithic decorative non-structural element collapsed in Ferrara during 2012 Emilia earthquake is shown.
In order to protect the pinnacles from seismic actions, a specific base isolation system, based on the use of multiple double concave curved surface steel sliders. The proposed application, at the best of the authors' knowledge, is very peculiar and it is the first example in Italy of base isolation of heavy marble pinnacles at the top of a monumental construction.
The paper is organized as follows. In Section 2 the underlying three-arched masonry city gate structure is characterized from a dynamical point of view, a natural frequency analysis have been conducted and capacity curves for the masonry structure have been computed. In Section 3 the rocking behavior of the single pinnacle subject to ground accelerations is a ssessed. In Section 4 the proposed base isolation systems is described and in Section 5 its e ffectiveness is established through numerical simulations, which involves the evaluation of the amplification effect of the underlying masonry structure and the definition of equivalent viscous damping coefficients. In Section 6 conclusions and future research direction are given.
THE FERRARA MASONRY CITY GATE
The case study considered in the present work is a three-arched masonry construction whose geometry is shown in Fig.2a . The structure is in good general conditions and is made of clay artificial bricks and mortar. Eleven decorative marble p innacles stand at the top of the gate. Each pinnacle, whose geometry is portrayed in Fig.2b , is made of different axisymmetric marble blocks piled and bonded together by a central iron rod. A pinnacle may be regarded as an axisymmetric rigid body, which may undergo rocking motion when subjected to base exc itations. As shown in Fig.2b 
The design seismic action
Given the WGS84 coordinates for the city-gate location (44.832 N, 11.632 E), assuming a return period for the design seismic event of 712 years (i.e. corresponding to the ultimate limit state in terms of life safety for a Class III structure and soil category C, in agreement with the Italian Building Code [20] the resulting design seismic action on the construction is dete rmined. The corresponding design earthquake spectra is reported in Fig.3. 
Natural frequency analysis of the masonry structure
In order to evaluate the fundamental period T 1 of the three-arched masonry structure and to establish its main vibration modes a linear finite element natural frequency analysis has been carried out using the finite element analysis software Straus7 [21] . The FEM model has been discretized with eight node brick-type finite elements and is shown in Fig.4a . The mechanical properties of the masonry material are reported in Tab.1 and are determined according to prescriptions contained in [22] Table 2 Frequency and participating mass for the four vibration modes. From the analysis, three pure translational and a torsional mode have been obtained as the main four vibration modes which are represented in Fig.4b . Tab.2 contains frequency and participating mass in the in-plane and out-of-plane directions for the four modes.
In-and out-of-plane capacity curves for the masonry structure
Using the commercial finite-element analysis software DIANA [23] , in-and out-of-plane capacity curves for the masonry structure have been determined. The finite element model used is shown Fig. 4a . The masonry material has been assigned a total strain crack model constitutive law [23] . As shown in the previous paragraph the principal vibration mode in the in-plane direction is the third mode with a participating mass of 87.6%. Thus, a distribution of forces proportional to the third mode has been applied and the capacity curve have been computed through a finite-element non-linear incremental analysis. The same analysis has been co nducted for the out-of-plane direction with a distribution of forces proportional to the first vibration mode, which is the principal mode in the out-of-plane direction with a participating mass of 54.54. The obtained in-and out-of-plane capacity curves, shown in Fig. 5 , relates the total shear force F b applied at the base of the structure with the in-and out-of-plane displacements d c of a control point, which has been chosen as the medial point placed on one of the short sides of the construction, at a height of 3.00 m. 
ROCKING BEHAVIOR OF THE PINNACLES
In this section, the dynamic behavior of the marble pinnacles regarded as rigid bodies is a ssessed. In particular, their rocking behavior under base excitations is analyzed, in order to assess their structural safety with regard to collapse by toppling.
Design seismic impulse at the base of the pinnacle
In the following analysis an impulsive seismic excitation acting on the pinnacle is considered. In order to obtain the design earthquake impulse, it is necessary to evaluate, at least in a conventional way, the amplification effect of the underlying masonry construction (a more sophisticated analysis for the evaluation of the amplification effect will be presented in Section 4).
As shown in Tab. 2, the fundamental period of the structure T 1 results equal to 0.49 s. As suggested in paragraph C8A.4.2.3 of [22] , the design seismic acceleration acting on an object placed at a height Z on a construction may be evaluated with the approximated formula: a on central pinnacles results equal to 0.720 g whereas on lateral pinnacles of pinnacles is equal to 0.322 g.
Rocking motion of the pinnacles without isolation
In the present paper the rocking motion of the pinnacle is analyzed as a two-dimensional planar problem where the pinnacle is represented by one of its diametral sections [9] , [10] .
Let us assume that sliding between the pinnacle and its rigid base is prevented. In this case, in order to describe the two-dimensional rocking motion of the pinnacle under base excitations, a single Lagrangian parameter  is needed. A possible choice for  is the angle from the vertical as shown in Fig.6 where G indicates the center of mass of the rigid body which is lying on the symmetry axis, at a height G z equal to 1.042 m above the base. Depending on the ground acceleration, the pinnacle may move rigidly with the ground or be set into rocking; in the letter case it will oscillate around the centers of rotation O and O'. Therefore, the problem is governed by two equation of motion. R represents the length of the segment connecting the center of mass G to one of the rotation centers. When subjected to base acceleration g a in the horizontal direction the pinnacle will be set into a rocking motion when the overturning moment of the horizontal inertia force about one of the centers of rotation exceeds the stabilizing moment due to the weight of the body:
where M is the mass of the pinnacle and g is the acceleration of gravity. Equation (2) represents a necessary condition for the initiation of a rocking motion and is equivalent to a standard linear kinematic analysis as defined in [22] . For the present case-study, assuming (2) is satisfied for both central and lateral pinnacles. Nevertheless, this condition does not guarantee the continuation of the rocking motion. In order to assess if, after initiation, a rocking motion of the pinnacles is established, it is necessary to look more in depth into the phenomenon.
The equations of motion of the pinnacle subjected to horizontal ground accelerations () g at, governing the angle  are derived by considering the equilibrium of moments about the ce nters of rotation. These equations can be expressed as
when the pinnacle rocks about O and
when it rocks about O'. In addition to the quantities defined earlier in In particular for the present case study, 2 0 1434 kg m I  . Let us incidentally observe that the switching of equations back and forth between equations (3) and (4) during rocking motion, and the trigonometric functions of  make equations (3) and (4) highly nonlinear.
At this point it is necessary to examine more closely the impact phase of the rocking motion. When the pinnacle is rotated through an angle  and then released from rest with initial displacement, it will rotate about the center O and it will fall back into the vertical position. If the impact is assumed to be inelastic, the rotation continues smoothly about the center O' and the moment of the momentum about O' is conserved. Thus:
Dividing by 01 I  Eqn. (5) gives the ratio between angular velocities after and before impact:
If the ratio between angular velocities after and before impact is positive, then after impact the rotation of the pinnacle continues about the opposite center. If, conversely, angular velocity changes sign after impact the pinnacle bounces about the point of rotation prior to impact. Therefore, relationship (6) gives the following condition for the onset of a rocking motion:
which is satisfied for the pinnacle in our case study. Let us observe that condition (7) depends only on geometric and mass properties of the rigid body. This means that, whenever a rigid body, for which condition (7) holds, gets tilted by an initial angle (e.g. in case of an external seismic excitation satisfying condition (2) like in our case) then a rocking motion will be e stablished. Conversely, if condition (7) does not hold, the block will bounce about the same corner and a proper rocking motion will not be established.
Overturning by single-pulse excitations
Dynamic behavior of rigid bodies under seismic actions is very complex and requires a time step integration of equations of motion in order to be fully described. Nevertheless, in order to assess the safety of pinnacles under dynamical conditions, useful information may be obtained from an analytical investigation of the collapse by overturning under single-pulse earthquake excitations.
In this subsection a simple overturning analysis for the pinnacles under single-pulse excitations is presented. The excitation may be a rectangular pulse with constant acceleration 0 g a lasting for a time 1 t or acceleration varying as a half-cycle sine-wave pulse of amplitude 0 g a and duration 1 t . In the present case-study, as seen in the previous section, the motio n of central pinnacles is initiated by the base acceleration 0 0.720g gd aa  . Even if the motion is initiated (i.e. condition (2) satisfied) and the body is subjected to rocking motion (i.e. cond ition (7) satisfied) the body may or may not overturn depending on the magnitude of 0 g a and the duration 1 t . Housner [9] determined the duration 1 t of a rectangular pulse with acceleration 0 g a required to overturn the block through the following equation: 
This equations were determined in [9] starting from the linearized version of equations (3) and (4); therefore, they are valid only for slender blocks (like the ones in our case-study).
Let us study the case of central pinnacles. Considering the geometrical and mass properties of the pinnacles and assuming 0 0.720g gd aa  equation (8) gives an overturning duration for the rectangular pulse excitation of 1 0.15s t  , while equation (9) gives an overturning duration for the sine-wave pulse excitation of 1 0.48s t  . As shown in [24] typical pulse duration for earthquakes of low to medium intensity is between 0.10 s and 0.50 s. This means that the pulse-type excitations considered in this Section, with the computed duration 1 t that brings to collapse the pinnacles by overturning, are typical of earthquakes that may occur in the Ferrara area. This corroborates the conclusion that pinnacles in our case-study are not safe under design seismic actions. For these reasons, a base isolation system has been designed in order to protect pinnacles from potential earthquake excitations.
THE ISOLATION SYSTEM
This section contains a description of the base isolation system, which has been specifically devised for the protection of the pinnacles of the Ferrara city-gate.
The isolation system
Both lateral and central pinnacles are isolated through the use of double concave curved surface steel sliders. A schematic representation of the single isolator is depicted in Fig.7a . Two different isolating systems have been devised respectively for central pinnacles and lateral pinnacles. For the three central pinnacles the isolating system for each pinnacle is made of three isolators placed at the vertex of a equilateral triangle and rigidly connected together by an upper steel plate on which the pinnacle lies. The system is schematically depicted in Fig.8a . For each of the two groups of four lateral pinnacles the isolating system is made of four isolators (one beneath each pinnacle) connected together by a system of steel rods and plates which guarantees an approximatively zero relative displacement between isolators. In fact, the system may be regarded as a wide isolated base on which the four pinnacles lie. The system is schematically depicted in Fig.8b .
Thus, for the isolation of all the eleven pinnacles seventeen isolators will be employed.
2309
A. Chiozzi, M. Simoni and A. Tralli 
Mechanical properties of the steel sliders
According to producer specifications isolators force-displacement response is represented by a rigid-plastic with hardening and friction like behavior of the kind depicted in Fig.7b where 0 F is the maximum friction force which the isolator can develop, r K is the stiffness of the hardening-like branch, max F is the maximum force can develop at the end of the hardeninglike branch. These quantities are defined by the following relations [19] , [25] 
where  is the friction coefficient along the sliding surface, Sd N is the vertical load acting upon the isolator, R is the equivalent curvature radius of the sliding surface and d is the maximum allowed displacement. Furthermore, an equivalent damping coefficient e  can be defined through the following formula 
Friction coefficient  is a function of the vertical load Sd N and temperature. Therefore, the producer has not provided this value for the isolators used, but a range of va lues varying between 0.5% and 2.5%. In the following analysis both these two values of  have been taken into consideration. Table 3 Mechanical properties of the steel sliders isolation devices used .
NUMERICAL SIMULATIONS
In order to assess the effectiveness of the isolation system in preventing rocking and overturning of the pinnacles, time-history dynamic analyses with a seismic accelerogram applied to the base of the isolated pinnacle have been carried out and are described in this Section.
Design accelerograms and amplification effect
In order to evaluate the dynamic response of the pinnacle, the definition of a design accelerogram is necessary.
As required by Italian Building Code [20] and Eurocode 8 [26] , a set of seven accelerograms compatible with the earthquake design spectrum of the site, defined in [20] for a ultimate limit state in terms of collapse, has been generated with the software Rexel 3.5.
For each accelerogram the corresponding spectrum (reported in Fig.9 ) can be generated. Figure 9 : Earthquake spectra compatible with the design spectra defined by NTC2008 generated with Rexel 3.5.
In order to define the correct seismic action on the pinnacles, it is necessary to take into account the amplification effect due to the underlying masonry structure. Thus, for each spectrum compatible accelerogram, applied at the base of the structure as a forcing action, two different time-history dynamic analyses of the three-arched masonry city gate have been carried out using the finite element analysis software Straus7, one with the ground accelerations applied in the in-plane direction and one with the ground accelerations applied in the out-ofplane direction. Therefore, a total of fourteen analyses have been conducted. The finite element model used is the same described in paragraph 2.3. Masonry has been modeled as a linear visco-elastic material with a Raleigh damping model. Rayleigh damping, also known as proportional damping, assumes that the global damping matrix C is a linear combination of the global stiffness K and mass M matrices:   C M K (12) where  and  are constants of proportionality. The two constants  and  are normally determined by using the following relationship 1 2         (13) for two values of the damping ratio 1  and 2  at two chosen frequencies 1  and 2  . Substituting the two sets of  and  values into (13) the following two equations for  and  are obtained: 
In the non-linear dynamic finite element analysis related to our case-study the values of  and  for the Raleigh damping model where determined through equation (14) assuming for 1  and 2  the frequencies of the two principal modes (respectively the out-of-plane and inplane translational modes which were obtained through the natural frequency analysis) and for 1  and 2  the values 10% and 5% respectively as suggested in [27] . The choice of such equivalent viscous damping coefficient is justified in the subsequent paragraph through an adhoc numerical procedure. At the end of each time-history dynamic analysis the response of the structure in terms of acceleration at the base of both lateral and central pinnacles have been recorded. This response represents the design seismic accelerogram to be applied at base of the isolated pinnacles in order to assess the effectiveness of the isolation system. 1  and 2 
Numerical evaluation of masonry equivalent viscous damping coefficients
In this paragraph the numerical procedure used to estimate the equivalent viscous damping coefficients 1  and 2  for masonry is outlined. The procedure is similar to the one described in [28] and is aimed to obtain a consistent value of the viscous damping coefficients that can be used within standard finite-element time-history dynamic analyses with the Rayleigh damping model described in the previous paragraph. More precisely, the equivalent viscous damping coefficient is assumed varying with the maximum displacement level reached by the structure during earthquake solicitation. Thus, the goal is to determine the relation between the equivalent viscous damping coefficient and the maximum displacement that the structure can reach under seismic actions. The algorithm, for each loading direction (in-and out-ofplane), can be summarized in the following steps:
1. A capacity curve of the masonry structure in a given loading direction is computed as explained in paragraph 2.3. This curve allows to determine the maximum displacement which the structure may undergo before collapse occurs. 2. The capacity curve obtained in Step 1 is reduced to the capacity curve of an equivalent single degree-of-freedom (d.o.f.) system following prescriptions contained in §C7.3.4.1 of [22] . Then, the new single d.o.f. capacity curve is further simplified to a bi-or tri-linear curve. 3. A hysteretic force-displacement law is assigned to the equivalent single d.o.f. structure which allows to evaluate the response of the structure under cyclic loading. In what follows, two hysteretic models will be used: a classical elastic-perfectly plastic law, which has the bi-linear curve determined in Step 2 as skeleton curve, and a newer inelastic model similar to the one described in [28] which uses the tri-linear curve determined in Step 2 as skeleton curve. 4. Since the aim is to determine a curve which relates the maximum displacement reached by the structure during seismic action and the equivalent viscous damping coefficient, it is necessary to fix several reference displacement values which subdivide the nonlinear part of the fixed skeleton curve. Furthermore, for each reference displacement value, the secant stiffness on the skeleton curve can be computed and stored. 5. For each reference displacement value nonlinear time-history dynamic analyses on the equivalent single d.o.f. structure with the chosen hysteresis constitutive model is carried out. Each analysis is performed with an external base acceleration history obtained from each of the seven spectrum-compatible accelerograms defined in paragraph 5.1 multiplied by a multiplication factor chosen so that the maximum displacement reached during the analysis is equal to the considered reference displacement value. The corresponding multiplication factor is saved as the value which gives the accelerogram which, acting on the structure, produces a maximum displacement equal to the reference displacement value considered. 6. A reference displacement value is fixed. A linear elastic single d.o.f. system equivalent to the non-linear single d.o.f. system is defined by assigning the secant stiffness computed in Step 4 for the assigned reference displacement value and an equivalent viscous coefficient determined though an iterative procedure: given the reference displacement value, a trial equivalent viscous coefficient is assigned to the system and a linear time-history analysis under the action of the design accelerogram multiplied by the factor corresponding to the reference displacement value determined in Step 5 is carried out. The maximum displacement obtained through the linear time-history analysis is compared with the expected maximum displacement from the non-linear timehistory analysis carried in Step 5. Then, the trial equivalent viscous coefficient is suitably changed and the linear analysis performed again until the maximum displacements obtained from linear and non-linear time-history analyses coincide. The corresponding value of the equivalent viscous damping coefficient is the value which corresponds to the assigned displacement reference value.
By going through Step 6 for each reference displacement value it is possible to obtain the curve relating the equivalent viscous damping coefficient to the corresponding value of the maximum displacement the structure undergoes. The described algorithm has been implemented within a MATLAB script and single d.o.f. time history dynamic analyses have been carried out using a Newmark type integration algorithm. 1  Both bilinear and trilinear approximations of the single d.o.f. out-of-plane capacity curve for the masonry structure, depicted in Fig. 11 , are considered and ten reference displacement values are marked on each curve. The procedure described in the previous paragraph has been carried out for each of the seven spectrum compatible design accelerograms and for both the bilinear elastic-perfectly plastic and the trilinear Nicolini-type constitutive laws. In Fig. 12 a comparison between the single d.o.f. non-linear time-history analysis with both bilinear and trilinear inelastic laws and the final linear time-history analysis in Step 6 for a reference displacement equal to respectively 5.0 and 5.9 cm is shown for one of the seven spectrum-compatible accelerograms. Fig. 13 depicts the final relation obtained at the end of the procedure, for each assigned reference displacement value, between equivalent viscous damping coefficient and the maximum out-of-plane displacement value the structure undergoes when it is subjected to seismic actions. In particular, the portrayed diagram is the average result obtained by repeating the numerical procedure described for each of the seven spectrum-compatible accelerograms. From an out-of-plane pushover analysis carried out according to [20] it is possible to infer that for the design earthquake, the maximum displacement the structure undergoes is 4.1cm. It is therefore reasonable to assume, for the evaluation of the equivalent viscous damping coe fficient to be used in subsequent analyses, a displacement range of 3.5-4.5cm. In this range equivalent viscous damping coefficient varies between 10.25% and 13.52% when considering the bilinear constitutive law and of 7.5% when considering the trilinear constitutive law. It is then justified the use of the value 1 10%   as largely suggested in literature for masonry constructions (see, e.g. [27] ). 2 
Out-of-plane equivalent viscous damping coefficient

In-plane equivalent viscous damping coefficient

In analogy with the case discussed in the previous paragraph, both bilinear and trilinear approximations of the single d.o.f. in-of-plane capacity curve for the masonry structure, depicted in Fig. 14 , are considered and ten reference displacement values are fixed on each curve. 16 depicts the final relation obtained at the end of the procedure, for each assigned reference displacement value, between equivalent viscous damping coefficient and the maximum in-plane displacement value the structure undergoes when it is subjected to seismic actions. In particular, the portrayed diagram, is the average result obtained by repeating the numerical procedure described for each of the seven spectrum-compatible accelerograms.
From an in-plane pushover analysis carried out according to [20] it is possible to infer that for the design earthquake, the maximum displacement the structure undergoes is 1.1cm. It is therefore reasonable to assume, for the evaluation of the equivalent viscous damping coefficient to be used in subsequent analyses, a displacement range of 0.5-1.5cm. In this range equivalent viscous damping coefficient varies between 0.0% and 8.0% when considering the bilinear constitutive law and between 1.35% and 12.70% when considering the trilinear co nstitutive law. The value of 2 5%   largely suggested in literature for masonry constructions (see, e.g. [27] ) is well within these ranges and thus, its use in the subsequent analyses is justified.
Non-linear dynamic analysis of the isolated pinnacles
In order to establish the seismic response of the isolated pinnacles and the e ffectiveness of the isolation system, time-history non-linear dynamic analyses with the amplified base accelerograms previously determined, have been conducted using the finite element software Straus7. Isolation system has been modeled as a parallel system of a spring and a damper, whereas the pinnacle has been modeled as a non-structural mass. Spring stiffness and damping coefficient for the damper are respectively r K and e  as defined in Tab. 3, considering both friction coefficients of 2.5% and 0.5%.
Results in terms of acceleration response to the amplified ground accelerogram 378ya for central pinnacles in both in-plane and out-of-plane directions are reported in Fig.17a -b respectively, for both friction coefficients, whereas results in terms of displacement response to the amplified ground accelerogram 378ya for central pinnacles are reported in Fig.17c-d respectively, for both friction coefficients.
As can be observed, the maximum acceleration transferred to the pinnacles is, in every case, smaller than the minimum value required to initiate rocking motion defined by equation (2) .
Finally, it is to be noticed that the maximum displacement which the pinnacle undergoes is, in every case, smaller than the maximum displacement allowed by the isolators, which is equal to 0.15 m (see Tab. 3).
Results in terms of acceleration response to the amplified ground accelerogram 378ya for lateral pinnacles in both in-plane and out-of-plane directions are analogous and for the sake of brevity are not reported in the following. Therefore, the effectiveness of the isolation system devised for the protection of the marble pinnacles from seismic excitations has been assessed for each pinnacle. 
CONCLUSIONS
This contribution addressed the problem of seismic protection of heavy non-structural objects placed at the top of monumental masonry constructions through the illustration of the case study of the eleven marble monolithic pinnacles placed at the top of the three-arched masonry city gate in Ferrara.
The underlying masonry structure has been characterized with a natural frequency finite element analysis and through the computation of capacity curves with finite-element nonlinear incremental analyses. Rocking motion and the safety against toppling of the pinnacles, regarded as rigid bodies under pulse-type earthquake excitations, have been discussed, sho wing that they are not safe under the design seismic action as defined by [20] .
A seismic isolation system for the prevention of rocking and overturning phenomena has been devised and its effectiveness has been established through non-linear time-history dyna mic analyses of the pinnacles under earthquake action expressed through base accelerograms, which are spectrum compatible with the design seismic action.
The amplification effect on the ground accelerations due to the underlying structure has been taken into account through time history dynamic analyses in which a Rayleigh damping model was adopted. A procedure for the estimation of the equivalent viscous damping coeffi-cient for masonry has been outlined and the obtained values have been proven to be in agreement with the ones suggested in literature.
Non-linear time history dynamic analyses showed that the isolation system is effective in reducing seismic action transmitted to the pinnacles through the main structure, enough to prevent any rocking motion or overturning phenomena.
